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supraoptic; paraventricular; hypothalamus THE NEUROHYPOPHYSIAL HORMONES vasopressin (VP) and oxytocin (OT) play critical roles in the regulation of body fluid homeostasis (Hatton 1990; Silverman and Zimmerman 1983) . VP is a potent antidiuretic and vasoconstrictor hormone, known also to influence baroreflex inhibition of sympathetic activity (Hasser et al. 1997; Johnson and Thunhorst 1997) , whereas OT is a potent natriuretic factor (Haanwinckel et al. 1995; Verbalis et al. 1991) . In addition to its well-established role in homeostasis, VP also has been implicated in pathological conditions involving altered fluid balance, particularly congestive heart failure (HF) (Chatterjee 2005) . In this sense, chronically elevated plasma VP levels have been reported in both animal models and human patients with HF (Francis et al. 1990; Goldsmith et al. 1983; Riegger et al. 1985; Szatalowicz et al. 1981) , being a critical component of neurohumoral activation, a hallmark in this disease (Cohn et al. 1981; Hodsman et al. 1988; Schrier and Abraham 1999) . The elevated release of VP in the presence of low cardiac output during HF has important detrimental consequences, including enhanced kidney water reabsorption, arterial vasoconstriction, and persistent hypernatremia, all of which contribute to detrimental myocardial effects (Goldsmith et al. 1986a (Goldsmith et al. , 1986b Nakamura et al. 2000; Packer et al. 1987; Rouleau et al. 1994) . The importance of VP in HF is further emphasized by the fact that VP receptor antagonism improves water balance and hemodynamic parameters in both experimental models (Arnolda et al. 1986; Wang et al. 1991 ) and human patients (Creager et al. 1986; Nicod et al. 1985) with HF. Despite the well-established contribution of neurohumoral activation and, in particular, elevated VP levels to the morbidity and mortality in HF patients (Francis et al. 1990; Rouleau et al. 1994) , relatively little is known about the precise underlying mechanisms regulating VP release.
OT and VP release from neurohypophysial terminals is directly dependent on the degree and pattern of electrical activity of OT and VP magnocellular neurosecretory cells (MNCs), located in the hypothalamic supraoptic (SON) and paraventricular nuclei (PVN) (Cazalis et al. 1985; Poulain and Wakerley 1982; Silverman and Zimmerman 1983) . MNC firing activity is in turn controlled by the combined action of intrinsic membrane properties and synaptic inputs (Bourque et al. 1993) . Among the later, glutamate and GABA are the main excitatory and inhibitory hypothalamic neurotransmitters, respectively (Decavel and Van den Pol 1990; van den Pol et al. 1990) , which closely interact with each other to fine-tune MNC neuronal activity and hormone release (Li et al. 2007; Nissen et al. 1995; Park et al. 2006; Randle and Renaud 1987; Sladek 1998) . For example, VP release in response to an osmotic challenge requires activation of glutamate receptors within the SON/PVN (Sladek 1998) , whereas GABA mediates baroreceptor-and cardiac-dependent inhibition of VP release (Grindstaff and Cunningham 2001; Jhamandas and Renaud 1986) .
A growing body of evidence supports an important contribution of elevated SON and PVN neuronal activation (Patel et al. 1993 (Patel et al. , 2000 Vahid-Ansari and Leenen 1998; Zhang et al. 2002b) to increased neurohumoral drive during HF, which could result in turn from facilitation of excitatory synaptic inputs and/or suppression of inhibitory synaptic inputs. In fact, altered SON and PVN glutamate and GABAergic function has been reported in rats with HF (Han et al. 2010; Kleiber et al. 2008 Kleiber et al. , 2010 Li et al. 2003; Zhang et al. 2002a) . For example, an enhanced glutamate N-methyl-D-aspartate (NMDA) type 1 receptor expression and function was reported in rats with HF (Li et al. 2003) . Conversely, blunted inhibitory mechanisms, mediated by GABA and nitric oxide, were also shown to contribute to increased sympathetic activity in HF (Zhang et al. 2001; 2002a) . Moreover, manipulations that improve neurohumoral drive during HF, including exercise, modify the efficacy of these neurotransmitter systems (Kleiber et al. 2008; Zheng et al. 2005) . Despite this evidence, the precise mechanisms contributing to altered excitatory and inhibitory synaptic function in MNCs in HF remain largely unknown. In this study, we obtained patch-clamp recordings from identified SON and PVN MNCs in brain slices from sham and HF rats. We simultaneously monitored glutamate and GABAergic synaptic activity within individual MNCs and evaluated their independent strengths as well as their interactions. Our results support a diminished GABA and enhanced glutamate synaptic strengths in HF rats, mediated by altered postsynaptic mechanisms, including changes in ␣-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptor desensitization. We propose the reported shift in the inhibitory/excitatory balance in MNCs during HF to contribute to elevated neurohumoral activation in this prevalent cardiovascular disease.
MATERIALS AND METHODS

Animals and induction of HF.
Male Wistar rats (150 -180 g) were purchased from Harlan Laboratories (Indianapolis, IN). Rats were housed at room temperature (24 -26°C) in a room with a 12:12-h light-dark cycle and given free access to food and water. All procedures were approved by the Medical College of Georgia Institutional Animal Care and Use Committee (IACUC) and carried out in agreement with the IACUC guidelines. HF was induced by coronary artery ligation as previously described (Patel et al. 2000) . Briefly, animals were anesthetized with isoflurane (4%) and intubated for mechanical ventilation. A left thoracotomy was performed and the heart exteriorized. The ligation was placed on the main diagonal branch of the left anterior descending coronary artery. Buprenorphine (Bruprenex C3, 0.3 mg/kg sc; Butler Schein/NLS, Dublin, OH) was given immediately after surgery to minimize postsurgical pain. Sham animals underwent the same procedure, but the coronary artery was not occluded. All animals were used 6 -7 wk after surgery. Transthoracic echocardiography (Vevo 770 system; Visual Sonics, Toronto, ON, Canada) was performed 4 wk after surgery under light anesthesia. The left ventricle internal diameter, as well as that of the left ventricle posterior and anterior walls, was obtained throughout the cardiac cycle from the short-axis motion imaging mode. Automatic calculation using the parameters measured was obtained for ejection fraction and fractional shortening. Representative echocardiography images are shown in Fig. 1 , and mean cardiac function values obtained from sham and HF rats are summarized in Table 1 .
Immunohistochemistry. In a subpopulation of recordings, SON and PVN neurons were intracellularly filled with biocytin (0.2%) and processed for immunohistochemical detection of oxytocin and vasopressin immunoreactivities, as previously described (Stern et al. 1999) . Briefly, slices were fixed overnight in 4% paraformaldehyde, then rinsed in 0.01 M PBS with 0.5% Triton X-100 (TX) for 10 min, and incubated for 45 min in 10% normal horse serum with 0.01 M PBS, 0.5% TX, and 0.04% NaN 3 . Slices were then thoroughly rinsed with 0.01 M PBS, 0.5% TX, and 0.04% NaN 3 , followed by a 48-h incubation with a guinea pig anti-oxytocin and a rabbit anti-vasopressin primary antibody (both used at 1:50,000 dilution; Bachem, Torrance, CA) in 0.01 M PBS, 0.5% TX, and 0.04% NaN 3 . Slices were then rinsed in 0.01 M PBS, 0.5% TX, and 0.04% NaN 3 for 30 min and incubated 4 h with anti-guinea pig Cy3-labeled and anti-rabbit fluorescein isothiocyanate (FITC)-labeled secondary antibodies (1:400 dilution; both from Jackson ImmunoResearch Laboratories, West Grove, PA) in 0.01 M PBS, 0.5% TX, and 0.04% NaN 3 . Cy5-streptavidin (1:10,000) was added to reveal the biocytin-filled neuron. Slices were then thoroughly rinsed in 0.01 M PBS for 20 min, mounted, and visualized using fluorescence microscopy (ϫ20 magnification; Olympus America, Melville, NY). Slices were then thoroughly rinsed in 0.01 M PBS for 20 min, mounted, and visualized using confocal microscopy (Zeiss LSM 510 confocal scanning microscope; Carl Zeiss, Oberkochen, Germany). A helium-neon laser was used to excite FITC and Cy3 fluorochromes at 488 and 561 nm, respectively, and an argon-krypton laser was used to excite Cy5 fluorochrome at 633 nm. Fluorescent signal cross talk among the channels was avoided by setting image acquisition parameters with individually labeled sections.
Hypothalamic slices preparation. Hypothalamic brain slices were prepared according to methods previously described (Stern 2001) . Briefly, rats were deeply anesthetized with pentobarbital sodium (40 mg/kg ip) and perfused through the heart with an ice-cold sucrose solution containing (in mM) 200 sucrose, 2.5 KCl, 3 MgSO 4 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 20 D-glucose, 0.4 ascorbic acid, 1 CaCl 2 , and 2 pyruvic acid (290 -310 mosmol/l). Rats were then quickly decapitated, brains dissected out, and coronal slices cut (300 m thick) using a vibroslicer (DSK Microslicer; Ted Pella, Redding, CA). An oxygenated ice-cold artificial cerebrospinal fluid (ACSF) was used during slicing containing (in mM) 119 NaCl, 2.5 KCl, 1 MgSO 4 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 20 D-glucose, 0.4 ascorbic acid, 2 CaCl 2 , and 2 pyruvic acid, pH 7.4 (290 -310 mosmol/l). Slices were placed in a holding chamber containing ACSF and kept at room temperature until used.
Patch-clamp electrophysiology. Slices were bathed with solutions (ϳ2.0 ml/min) that were continuously bubbled with 95% O 2 -5% CO 2 and maintained at 32°C. Patch pipettes (3-4 M⍀) composed of thin-walled (1.5-mm outer diameter, 1.17-mm inner diameter) borosilicate glass (GC150T-7.5; Clark, Reading, UK), were pulled on a horizontal electrode puller (P-97; Sutter Instruments, Novato, CA). The internal solution contained (in mM) 135 Cs-methanesulfonate, 10 KCl, 10 HEPES, 1 MgCl, 0.2 EGTA, 4 MgATP, 0.3 GTP, and 20 phosphocreatine. Biocytin (0.2%) was added for cell labeling. For current-clamp recordings, Cs-methanesulfonate was replaced with K-gluconate. Recordings were obtained with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA) from SON/PVN neurons using infrared differential interference contrast videomicroscopy. The voltage-output was digitized at 16-bit resolution, 10 kHz, and was filtered at 2 kHz (Digidata 1320A; Axon Instruments). Data was discarded if the series resistance was not stable throughout the entire recording (Ͼ20% change) or if neuronal input resistance was lower than 350 M⍀ at the beginning of the recording. Spontaneous GABA inhibitory (sIPSCs) and glutamate excitatory postsynaptic currents (sEPSCs) were simultaneously recorded at a holding potential of Ϫ55 mV. At this membrane potential, and based on their different reversal potentials, IPSCs and EPSCs were distinguished by their outward and inward polarity, respectively (see Fig. 3A ). Synaptic events were detected using Mini Analysis software (Synaptosoft, Leonia, NJ). The detection threshold was set at 10 and 8 pA for GABA IPSCs and glutamate EPSCs, respectively. Individual PSCs were aligned at the 50% crossing of the rising phase before averaging. PSC frequency and waveform parameters were analyzed using the same software. Charge transfer (Q) was calculated by integrating the area under the PSC waveform. The mean PSC synaptic current was calculated as the charge transfer of the averaged IPSC multiplied by mean PSC frequency (Park et al. 2006) . IPSC bursts were detected using an algorithm included in the Mini Analysis software, using the following empirical criteria: rapid burst onset and a minimum of 5 clustered IPSCs with an inter-event interval Ͻ100 ms. To study the effect of gabazine (GBZ) on spontaneous EPSC frequency and properties, we analyzed events in 4-min periods before and after bath application of the drug. Firing discharge was recorded in the current-clamp mode in continuous mode. The mean firing frequency (2-to 3-min period) obtained before and after bath application of 15 M 6,7-dinitroquinoxaline-2,3-dione (DNQX) was calculated and compared using Mini Analysis software. Cell capacitance was calculated by integrating the area under the transient capacitive phase of a 5-mV depolarizing step pulse in the voltage-clamp mode. DNQX, 6,7-dinitroquinoxaline-2,3-dione (D-AP5), GBZ, and tetrodotoxin (TTX) were purchased from Tocris Cookson (Bristol, UK). All drugs were dissolved directly in the ACSF, except for DNQX, which was dissolved in dimethyl sulfoxide (DMSO). The final concentration of DMSO was less than 0.1%.
Statistical analysis. Numerical data are means Ϯ SE. Student's paired t-tests were used to compare the effects of a drug treatment. Analysis of variance (ANOVA), followed by Bonferroni's post hoc tests, were used as needed.
RESULTS
Simultaneous recordings of GABA A IPSCs and glutamate
EPSCs in identified MNC. Patch-clamp electrophysiological recordings were obtained from a total of 87 MNCs obtained from sham (n ϭ 45 MNCs from 16 rats) and HF rats (n ϭ 42 MNCs from 27 rats). MNCs were located either in the SON (n ϭ 70) or in the lateral magnocellular subnucleus of the PVN (n ϭ 17). No differences in mean input resistance and cell capacitance were observed among groups (Fig. 2, A and B) . Moreover, the basic properties of GABA A IPSCs and glutamate EPSCs, including amplitude, decay kinetics, and charge transfer Q in MNCs from the SON and PVN, were similar (Table 2) . Finally, as summarized below, the main change found in IPSC and EPSC parameters in HF rats similarly affected both SON and PVN MNCs. Thus, for simplicity, data obtained from MNCs in these two nuclei were pooled together for subsequent analysis.
GABA A -mediated IPSCs and glutamate-mediated EPSCs were simultaneously recorded within a recorded neuron (see METHODS) . As shown in Fig. 3 , at a recording holding potential of Ϫ55 mV, GABA A IPSCs appeared as outward currents and were completely blocked by GBZ or bicuculine (15 M for both), whereas glutamate EPSCs appeared as inward currents and were completely blocked by a combination of AMPA and NMDA receptor antagonists D-AP5 (100 M) and DNQX (10 M), respectively. Thus GABA A and glutamate synaptic cur- Data are means Ϯ SE of mean GABA inhibitory postsynaptic current (IPSC) and glutamate excitatory postsynaptic current (EPSC) parameters in magnocellular neurosecretory cells (MNCs) recorded from the supraoptic (SON; n ϭ 14) and paraventricular nuclei (PVN; n ϭ 9) in sham rats.
rents were distinguished on the basis of their polarity and pharmacological sensitivity.
Bath application of TTX (1 M) failed to affect mean IPSC and EPSC frequencies in both sham and HF rats (P Ͼ 0.3 in all cases), indicating that in our recording conditions, spontaneous synaptic activity represented, for the most part, miniature synaptic currents (see more below).
Diminished GABA A synaptic strength in MNCs of HF rats. The mean frequency of GABA A IPSCs did not differ between SON neurons from sham (n ϭ 24) and HF (n ϭ 29) rats (sham: 2.2 Ϯ 0.3 Hz; HF: 1.7 Ϯ 0.3 Hz; P Ͼ 0.2). Interestingly, bursts of GABA A IPSCs were observed in about one-half of SON neurons (25/49) (see Fig. 4A ). In sham rats, ϳ57% of MNCs (12/21) displayed IPSC bursts, with an average of 14.9 Ϯ 3.6 bursts/cell (total number of bursts ϭ 104) detected within a recording period of 10 min. IPSC bursts lasted on average 1.1 Ϯ 0.1 s, contained 29.4 Ϯ 2.2 clustered IPSCs, and displayed an intraburst frequency of 28.4 Ϯ 1.2 Hz (n ϭ 104 in all parameters). The mean charge transfer (i.e., area under the curve) per MNC mediated by GABA A IPSC bursts in sham rats was 198.5 Ϯ 43.5 pA/ms. Importantly, although the overall mean frequency of GABA A IPSCs was not affected when action potentials were blocked with TTX (1 M), GABA IPSC bursts were undetected in the presence of TTX (Fig. 4, A and B) . In HF rats, ϳ46% of MNCs (13/28) displayed IPSC bursts. However, the mean number of bursts per cell was significantly lower than that observed in sham rats (6.5 Ϯ 1.3 bursts/cell, P Ͻ 0.05 vs. sham; total number of bursts ϭ 52). The mean burst duration was also significantly shorter in MNCs from HF rats (0.78 Ϯ 0.1 s, P Ͻ 0.02 vs. sham). All other IPSC burst parameters were not different from those observed in sham rats (not shown). Overall, the mean charge transfer per MNC mediated by GABA A IPSC bursts in HF rats was significantly lower than that in sham rats (97.0 Ϯ 19.3 pA/ms, P Ͻ 0.05).
Representative examples of averaged IPSCs obtained from sham and HF rats are shown in Fig. 4D . As we previously reported (Park et al. 2006) , the decay time course of the GABA A IPSC was best described by the sum of two exponentials. We found the IPSC mean weighted decay time constant to be significantly faster in SON neurons from HF rats than in those from sham rats (sham: 16.2 Ϯ 1.7 ms; HF: 11.5 Ϯ 0.9 ms, P Ͻ 0.02). Although the mean IPSC peak amplitude was not different between groups (sham: 19.8 Ϯ 1.1 pA; HF: 19.4 Ϯ 1.0 pA, P Ͼ 0.5), the mean IPSC charge transfer Q was significantly smaller in MNCs from HF rats (sham: 0.29 Ϯ 0.03 pC; HF: 0.20 Ϯ 0.02 pC; P Ͻ 0.02). Moreover, the mean current (i.e., charge transfer per unit of time) was also significantly smaller in HF rats (sham: 0.58 Ϯ 0.03 pA; HF: 0.33 Ϯ 0.04 pA; P Ͻ 0.02) (Fig. 4E) . When analyzed separately according to nuclei location, the mean GABA A current in HF rats was significantly diminished in both SON (sham: 0.69 Ϯ 0.12; HF: 0.32 Ϯ 0.05, P Ͻ 0.01) and PVN MNCs (sham: 0.50 Ϯ 0.08; HF: 0.27 Ϯ 0.03, P Ͻ 0.05). No differences in IPSC rise time between sham and HF rats were observed (P Ͼ 0.5 in both cases; not shown).
In a limited number of cases, we successfully immunoidentified recorded MNCs as VP in sham and HF rats (n ϭ 9 and 7, respectively; see Fig. 6 ). Our results show that the mean GABAA current was significantly diminished in VP neurons from HF rats (sham: 0.48 Ϯ 0.07; HF: 0.27 Ϯ 0.06, P Ͻ 0.05).
Enhanced glutamate synaptic strength in MNCs of HF rats. Representative examples of glutamate EPSCs recorded in MNCs in sham (n ϭ 20) and HF rats (n ϭ 24) are shown in Fig. 5A . Differently from GABA A IPSCs, glutamate EPSCs occurred in a rather irregular manner, and bursts of events were rarely observed only in a few cells, preventing any further analysis of this phenomenon. No differences in the frequency of glutamate EPSCs were observed between sham and HF rats (sham: 1.38 Ϯ 0.16 Hz; HF: 1.37 Ϯ 0.17 Hz; P Ͼ 0.2). However, and in contrast to GABA A IPSCs, the strength of the glutamate EPSCs was enhanced in MNCs from HF rats. Thus the averaged EPSC in HF rats displayed slower decay kinetics, although values did not reach statistical significance: monoexponential decay (sham: 2.5 Ϯ 0.2 ms; HF: 3.3 Ϯ 0.3 ms, P ϭ 0.07), larger Q (sham: 0.02 Ϯ 0.002 pC; HF: 0.03 Ϯ 0.005 pC; P Ͻ 0.05), and larger mean current (sham: 0.03 Ϯ 0.004 pA, HF: 0.08 Ϯ 0.02 pA, P Ͻ 0.05). When analyzed separately according to nuclei location, the mean glutamate current in HF rats was significantly larger in MNCs from both the SON (sham: 0.04 Ϯ 0.001; HF: 0.08 Ϯ 0.02, P Ͻ 0.05) and the PVN (sham: 0.03 Ϯ 0.09; HF: 0.12 Ϯ 0.05, P Ͻ 0.05). No differences in EPSC rise time or amplitude between sham and HF rats were observed (P Ͼ 0.5 in both cases; not shown). In the case of immunoidentified VP MNCs, we also observed a significant increase in the mean glutamate current in HF compared with sham rats (see Fig. 6 ; sham: 0.03 Ϯ 0.01; HF: 0.08 Ϯ 0.02, P Ͻ 0.05, n ϭ 7 and 8, respectively).
Altered inhibitory-excitatory balance in MNCs of HF rats. By simultaneously recording GABA A IPSCs and glutamate EPSCs within individual neurons, we were able to calculate the relative contribution and changes in balance between these opposing synaptic inputs within individual neurons in both experimental conditions (see METHODS). As shown in Fig. 7 , the ratios of IPSC-to-EPSC charge transfer Q and mean current indicate that in both conditions, GABA synaptic strength predominated over glutamate strength (i.e., ratios Ͼ 1). However, both the Q and mean current ratios were significantly diminished in MNCs of HF rats (P Ͻ 0.05 in both cases), supporting a shift in the GABA-glutamate balance toward more excitatory predominance.
GABA IPSCs differentially influence the variability of glutamate EPSCs in sham and HF rats. We then tested for possible functional interactions between GABA and glutamate synaptic inputs and whether this interaction was altered in HF rats. First, we found no significant correlations between IPSC and EPSC frequency, amplitude, decay kinetics, and Q within individual MNCs in both sham and HF rats (Pearson r value range: Ϫ0.3-0.3, P Ͼ 0.5 in all cases). We then evaluated the effects of blockade of GABA synaptic activity on glutamate synaptic properties by comparing the properties of EPSCs before and after bath application of the GABA A receptor blocker GBZ (15 M). A representative example is shown in Fig. 8A . Blockade of GABAergic synaptic activity had no In A1, the intracellularly labeled MNC revealed with Cy5-streptavidin is shown (blue, arrow). In A2, the same section was stained with antibodies against VP (green) and oxytocin (red). Note the ball-shaped lateral magnocellular subnucleus. In A3, the 2 images are superimposed to show colocalization of blue and green (white color, arrow). The inset in A1 shows the same section at a lower magnification (3V, third ventricle). B: group data (means Ϯ SE) showing differences in EPSC and IPSC mean current in immunoidentified VP MNCs between sham and HF rats. *P Ͻ 0.05. effect on mean EPSC frequency (P Ͼ 0.1 and 0.5 for sham and HF, respectively), decay (P Ͼ 0.6 for both sham and HF), amplitude (P Ͼ 0.8 and 0.1 for sham and HF, respectively), Q (P Ͼ 0.8 and 0.3 for sham and HF, respectively), or mean current (P Ͼ 0.5 in both sham and HF).
On the other hand, blockade of GABA function significantly and differentially affected glutamate EPSC waveform variability in sham and HF rats. Representative examples for EPSC Q in MNCs from sham and HF rats are shown in Fig. 8B . A plot of the mean EPSC Q value as a function of time (30-s bins) in a sham rat (Fig. 8B, left) shows a high basal Q variability over time, which was largely diminished when GBZ was added to the bath. The same phenomenon was observed when the coefficient of variation (CV) of Q was plotted over time (Fig.  8C, left) . Conversely, a recording from a typical MNC in a HF rat showed a much lower basal variability in Q, which was not modified by blockade of GABAergic synaptic function (Fig. 8,  B and C, right) . Results from two-way ANOVA (Fig. 8D) showed that in MNCs from sham rats (n ϭ 24), GBZ significantly diminished the CV for EPSC Q, half-width, and decay (P Ͻ 0.001 in all cases, Bonferroni posttest). The basal variability of these EPSC parameters in MNCs from HF rats (n ϭ 27) was already smaller than that of sham rats (P Ͻ 0.05 for Q and decay , and P Ͻ 0.01 for half-width, Bonferroni posttest). Finally, blockade of GABA synaptic activity in MNCs of HF rats failed to affect the already lower EPSC variability (P Ͼ 0.5 for all parameters). No effects of GBZ or differences between sham and HF rats were observed in any other EPSC parameter studied (not shown).
Mechanisms contributing to prolonged EPSC kinetics in HF rats. To determine whether a more pronounced electrotonic filtering contributed to the EPSC slower decay kinetics and enhanced charge transfer in HF rats, we measured first the correlation between EPSC rise time and decay time, a wellestablished index of dendritic filtering PSCs due to membrane cable properties. Our results show a lack of significant correlation between EPSC rise time and decay time in both sham and HF groups (mean r 2 sham: 0.12 Ϯ 0.03; mean r 2 HF: 0.11 Ϯ 0.01). Moreover, we arbitrarily divided glutamate EPSCs into fast (rise time Ͻ1 ms) and slow (rise time Ͼ1 ms) currents and compared the ratio of slow-to-fast EPSCs within individual neurons in sham and HF rats. Our results show similar ratios in sham and HF rats (sham: 2.0 Ϯ 0.2; HF: 2.4 Ϯ 0.6, P Ͼ 0.2, n ϭ 23 in each group). Together, these results argue against enhanced electrotonic dendritic filtering as a factor contributing to slower mean EPSC kinetics in MNCs of HF rats.
We then tested the effects of D-AP5, an NMDA receptor blocker, on EPSC decay kinetics. Bath application of D-AP5 (100 M) failed to alter EPSC decay in MNCs from both sham and HF rats (P Ͼ 0.5 in both cases, paired t-test, n ϭ 6 in each group), suggesting that an enhanced, slow NMDA EPSC component did not contribute to EPSC prolongation in MNCs of HF rats.
Finally, we assessed whether differences in AMPA receptor desensitization, a prominent factor known to dictate glutamate EPSC decay kinetics (Jones and Westbrook 1996), contributed to slower EPSC decay kinetics in HF rats. Results are summarized in Fig. 9 , A-C. Bath application of cyclothiazide (CTZ; 200 M), a blocker of AMPA receptor desensitization (Yamada and Tang 1993) , resulted in a robust prolongation of EPSC decay kinetics in both sham and HF rats. However, the CTZ effect on EPSC decay was on average significantly larger in MNCs from HF rats (%change in EPSC sham: 207.1 Ϯ 23.5; %change in EPSC HF: 325.9 Ϯ 39.6, P Ͻ 0.02, n ϭ 10 and 8, respectively; Fig. 9C ). Similar differences between sham and HF rats were observed when comparing the effects of CTZ on EPSC Q; however, results did not reach statistical significance (P ϭ 0.08).
Enhanced contribution of glutamate EPSCs to firing activity in MNCs of HF rats. To determine whether the enhanced EPSC charge transfer observed in MNCs of HF rats had an impact on firing activity, we obtained current-clamp recordings and monitored changes in firing activity evoked by the AMPA receptor blocker DNQX. Basal firing rate was highly variable among recorded neurons in both sham and HF rats. Thus DC current was injected in an attempt to homogenize basal firing rate within a range of 3.5-4.5 Hz. Under this condition, bath application of DNQX (15 M) significantly diminished MNC firing discharge in both sham (basal: 4.07 Ϯ 0.21 Hz; DNQX: 3.45 Ϯ 0.31, P Ͻ 0.01, n ϭ 13, paired t-test) and HF rats (basal: 3.60 Ϯ 0.30 Hz; DNQX: 2.28 Ϯ 0.4, P Ͻ 0.01, n ϭ 9, paired t-test) (Fig. 10, A-C) . The magnitude of the DNQX effect, however, was significantly larger in HF compared with sham rats. Thus DNQX inhibited firing discharge by 13.4 Ϯ 4.5% and 37.2 Ϯ 11.3% in MNCs from sham and HF rats, respectively (P Ͻ 0.05). No differences in interspike interval CV were observed among experimental groups (P Ͼ 0.2, not shown).
DISCUSSION
Diminished inhibitory GABAergic and enhanced excitatory glutamatergic synaptic strength in MNCs of HF rats.
In this work, we aimed to determine whether GABAergic inhibitory and glutamatergic excitatory synaptic activity and strength were altered in MNCs of HF rats. Our results support, on one hand, a diminished GABAergic synaptic strength in MNCs during HF. This is reflected by faster decaying GABA A IPSCs, diminished IPSC charge transfer Q, and diminished mean GABA current (i.e., charge transfer per unit of time) in HF rats. Conversely, we found an enhanced glutamate excitatory synaptic strength in MNCs during HF, reflected by slower decaying EPSCs, resulting in turn in an enhanced charge transfer Q and mean current in this condition. Although our results demonstrate significant changes in IPSC and EPSC waveform in HF rats, no differences in the mean frequency of spontaneous synaptic events (either inhibitory or excitatory) were ob- served between experimental groups. As previously reported in MNCs (Kabashima et al. 1997; Kombian et al. 2000b; Li et al. 2007; Stern et al. 1999) , we found the mean frequency of IPSCs and EPSCs, in both sham and HF rats, to be unaffected when action potential-dependent activity was blocked with TTX (see, however, effects on IPSC bursts described below), suggesting that the great majority of PSCs in our slice preparation represented miniature synaptic events (mPSCs). Thus it is reasonable to conclude that the differences in mPSC waveform (but not in frequency) observed between MNCs in sham and HF rats support a postsynaptic locus underlying altered PSC strength in this condition (Redman and Silinsky 1995) .
An important caveat related to this conclusion, however, is that the frequency of events recorded in the slice preparation is limited to the activity within the local networks of GABAergic and glutamatergic interneurons. These have been shown to be showing mean CV for EPSC Q (left), EPSC half-width (middle), and EPSC decay (right) in sham and HF rats before and after GBZ. *P Ͻ 0.05; **P Ͻ 0.01 vs. sham. ***P Ͻ 0.001. mostly located in perinuclear regions around the SON and PVN, as well as other intrahypothalamic areas (Boudaba et al. 1996 (Boudaba et al. , 1997 Roland and Sawchenko 1993) , most of which are preserved in the slice preparation. On the other hand, more distal as well as peripheral afferent inputs are cut off from this preparation. Thus, although our studies cannot rule out potential differences in the degree of afferent input activity to MNCs between sham and HF rats, the postsynaptic mechanisms underlying blunted and enhanced GABA and glutamate strengths, respectively, are still expected to affect neuronal responses to afferent input activation during HF.
As previously reported in MNCs of female rats (Li et al. 2007) , we found GABAergic synaptic activity and strength in male control rats to prevail over glutamatergic activity. This was reflected by a higher frequency of IPSCs over EPSCs (ϳ1.6-fold higher), as well as a larger IPSC-to-EPSC charge transfer (ϳ14-fold larger), even considering that in our recording conditions, the driving force for glutamate EPSCs (ϳ55 mV) was larger than that from GABA IPSCs (ϳ10 mV). Altogether, these differences result in a larger mean IPSC current compared with that of EPSC (IPSC/EPSC ϳ19-fold larger). Although GABA strength still predominated over glutamate strength in HF rats, the opposing changes observed in GABA IPSC and glutamate EPSC waveforms resulted in a shift in the GABA-glutamate balance toward a relatively stronger glutamate influence in this disease condition. We confirmed these opposing changes in the strength of IPSCs and EPSCs in HF rats to occur in a subset of immunoidentified VP MNCs. Whether OT neurons are similarly affected remains to be determined.
Interestingly, the changes in GABA and glutamate synaptic function reported presently in MNCs during HF differ from those we recently reported in PVN presympathetic neurons that innervate either the rostral ventrolateral medulla (PVN-RVLM) or sympathetic preganglionic neurons in the intermediolateral column of the spinal cord (PVN-IML) (Han et al. 2010 ). In the case of PVN-RVLM neurons, GABA IPSC frequency (but not waveform) was diminished in HF rats, whereas no changes in glutamate EPSCs were observed. On the other hand, GABA and glutamate synaptic activity were unaffected in PVN-IML neurons in HF rats. Together, our studies suggest that synaptic function during HF is affected in a cell type-dependent manner, indicating that different mechanisms contribute to sympathetic and neuroendocrine activation in this condition.
Blunted GABAergic IPSC bursts in MNCs of HF rats. In agreement with a recent study by Popescu et al. (2010) , we found that in addition to occurring in a random stochastic manner, GABA IPSCs clustered in high-frequency bursts were also observed in ϳ60% of MNCs in sham rats. These bursts of IPSCs were on average composed of ϳ30 events and lasted for ϳ1 s. Popescu et al. (2010) elegantly demonstrated that although IPSC bursts persisted when action potentials were blocked with TTX, the probability of burst generation was drastically diminished to a frequency of about 1 burst/h. Thus the fact that, in our case, IPSC bursts were absent in the presence of TTX during a 10-min recording period could simply reflect a diminished frequency, rather than a spikedependent nature. Our results indicate that the incidence, duration, and overall charge transfer mediated by GABA IPSC bursts were significantly diminished in MNCs from HF rats. Given that GABA synaptic bursts were shown to efficiently terminate firing activity in active neurons (Popescu et al. 2010) , it is reasonable to speculate that the diminished incidence and strength of GABA IPSC bursts in HF rats may also contribute to enhanced excitability and prolonged firing discharge of MNCs during this condition.
Differential contribution of GABAergic IPSCs to glutamate EPSCs irregularity during HF. To gain insights into potential pre-and/or postsynaptic interactions between GABAergic and glutamatergic synaptic inputs in MNCs, we evaluated the impact of blocking GABA A IPSCs on various parameters of glutamate EPSCs. Our result show that blockade of GABA IPSCs failed to affect the mean EPSC frequency in either sham or HF rats. This is in contrast to the increased EPSC frequency induced by IPSC blockade that we recently reported in presympathetic PVN-RVLM neurons (Li et al. 2006) , further supporting a differential organization of synaptic inputs among functionally distinct neuronal populations in the SON and PVN. Surprisingly, however, we found ongoing GABAergic synaptic activity in MNCs to influence the degree of heterogeneity of the postsynaptic glutamate EPSC waveform. Thus, although blockade of GABA IPSCs did not affect EPSC parameter mean values (e.g., frequency, amplitude, decay time course), the variance (expressed as CV) of the EPSC decay , half-width, and Q was significantly diminished, with EPSCs thus becoming largely more homogeneous. In line with our results showing diminished IPSC strength in HF rats, we found the basal variance of these same EPSC parameters to be significantly lower in HF rats. Moreover, the effect of GBZ on EPSC variability was blunted in HF rats. Together, these results suggest that ongoing GABA IPSCs impart irregularity to glutamate EPSCs and that blunted GABA strength results in more homogeneous EPSC in HF rats. What mechanism could underlie such a type of interaction between GABA and glutamate PSCs? Although counterintuitive, one possibility is that blockade of GABA results in the predominance of a restricted group of synapses (e.g., closer to soma), leading in turn to more homogeneous EPSCs. However, the fact that the mean EPSC rise time (which is partially dependent on the relative location of the EPSC occurrence relative to the recording site) and its CV did not change following IPSC blockade would argue against this possibility. Alternatively, GABA Amediated IPSCs could postsynaptically affect the properties of glutamate EPSCs in a way that intermittent, stochastically occurring IPSCs result in high EPSC variance. Evidently, the underlying mechanism by which GABAergic activity influences regularity of EPSC properties remains to be determined.
AMPA receptor desensitization contributes to increased glutamate EPSC strength in HF rats. A major finding emerging from our work is that prolongation of the EPSC time course is a major contributing factor to enhance glutamate EPSC strength in MNCs in HF rats. In our recording conditions, the EPSC in MNCs, in both sham and HF rats, was mediated by activation of AMPA receptors (i.e., AP5 failed to affect any EPSC property). The decay time course of AMPA EPSCs is largely determined by the relative contribution of channel deactivation and desensitization kinetics (the latter being typically a slower process than channel deactivation) (Jonas and Spruston 1994) . Importantly, changes in their relative contribution can strongly affect AMPA decay kinetics. For example, a diminished contribution of AMPA receptor desensitization has been shown to result in developmental speeding of EPSCs in the calyx of Held (Koike-Tani et al. 2005) and auditory synapses in the cochlear nucleus (Brenowitz and Trussell 2001) . Conversely, the contribution of AMPA receptor desensitization to the EPSC decay in cerebellar granule cell synapses increases during development (Wall et al. 2002) . Thus one possible explanation for the prolongation of AMPA EPSC time course in MNCs of HF rats (and thus the enhanced unitary strength) is an increased contribution of channel desensitization. This is in fact supported by our results showing a more robust effect of CTZ in HF rats, a compound that blocks desensitization of AMPA receptors (Yamada and Tang 1993) . This is in line, for example, with the enhanced CTZ effect on EPSC time course at early developmental stages at the calyx of Held, when stronger desensitization contributes to slower EPSCs (Koike-Tani et al. 2005) . Multiple factors could potentially contribute to the increased AMPA receptor desensitization in MNCs of HF rats, including changes in their molecular configurations. AMPA receptors are multimeric assemblies of four different subunits (GLUR1-GLUR4), and their relative expression, as well as splice variants (e.g., Flip/Flop forms), affects AMPA receptor functional properties, including desensitization (Lambolez et al. 1996; Mosbacher et al. 1994) . Alternatively, prolongation of glutamate time course in the synaptic cleft due to diminished transmitter clearance could also result in enhanced AMPA receptor desensitization and slower EPSCs (Barbour et al. 1994; Trussell et al. 1993 ). An increased glutamate release probability, resulting in multivesicular release from individual sites, could also contribute to prolongation of AMPA decay time course (Otis et al. 1996; Trussell et al. 1993) . Thus future studies are needed to address the specific mechanisms underlying enhanced AMPA receptor desensitization in MNCs of HF rats. Similarly, although our studies focused on glutamate EPSCs, it will be important to elucidate in future studies whether changes in deactivation/ desensitization properties (known to efficiently influence GABAA IPSC waveform; Modi et al. 1994 ) also contribute to blunted IPSC strength in HF rats.
Enhanced glutamate EPSC strength contributes to firing activity in MNCs in HF rats. The functional relevance of the changes in glutamate EPSCs reported presently is highlighted by our results showing a more pronounced inhibitory effect of AMPA receptor blockade on firing discharge in MNCs from HF compared with sham rats. Given that hormone release from the pituitary is largely influenced by the firing discharge of MNCs (Cazalis et al. 1985; Poulain and Wakerley 1982; Silverman and Zimmerman 1983) , our results showing a stronger contribution of AMPA receptors to firing discharge in HF rats are in line with the reported elevated plasma VP levels in HF (Francis et al. 1990; Goldsmith et al. 1983; Riegger et al. 1985; Szatalowicz et al. 1981) , as well as an in vivo study showing increased firing discharge of nonidentified PVN neurons in HF rats (Zhang et al. 2002b ). We acknowledge, however, that factors other than MNC firing discharge may also influence pituitary hormone release, contributing in turn to elevated plasma VP levels during HF. Unfortunately, to the best of our knowledge, studies directly assessing changes in VP and OT pituitary hormone release during HF, both under basal conditions or in response to osmotic or visceral afferent inputs, are still missing. These studies are undoubtedly needed to more comprehensively evaluate mechanisms leading to altered neurohypophysial regulation in HF conditions.
Given the lack of differences in EPSC frequency between these two conditions, our results suggest that postsynaptic mechanisms underlying an enhanced AMPA receptor unitary charge transfer contribute to an enhanced excitatory drive in MNCs of HF rats. Although we did not directly record isolated NMDA-mediated currents, we failed to detect a contribution of NMDA receptors to the prolonged kinetics and enhanced strength of glutamate inputs to MNCs in HF rats. Interestingly, Li et al. 2003 previously reported an enhanced expression and activation of NMDA receptors in the PVN, as underlying mechanisms contributing to sympathoexcitation in HF rats. On the other hand, the expression of AMPA receptors in HF rats was not changed. Thus these results may suggest a differential contribution of AMPA and NMDA receptors to neuroendocrine and sympathetic activation in HF rats.
The functional significance of basal differences in AMPA EPSC waveform variability between sham and HF rats (more homogeneous properties in the later), as well as the differential effect of GABA A receptor blockade on EPSC variability between conditions, are more difficult to assess and to interpret. In this sense, spontaneous GABA IPSCs, but not glutamate EPSCs, were recently shown to impart irregularity to spiking activity in SON MNCs (Li et al. 2007 ). The lack of changes in action potential firing regularity (i.e., interspike interval CV) following AMPA receptor blockade, in both sham and HF rats, is in line with these previous results. However, in addition to influencing spike frequency variability, differences in EPSC waveforms could also affect the temporal precision and the reliability of spike firing, as shown in cortical neurons (Mainen and Sejnowski 1995; Rodriguez-Molina et al. 2007; Softky and Koch 1993) . Whether this is also the case in MNCs, however, is at present unknown.
The lack of effects of TTX on EPSC and IPSC frequencies indicate that changes in synaptic activity and function reported in this study during HF reflect differences in spontaneous miniature currents. Importantly, spontaneous synaptic activity has recently emerged as a functionally meaningful communication modality in the central nervous system (Kavalali et al. 2011; Otsu and Murphy 2003) . In fact, spontaneous synaptic activity has been shown to influence both the degree and pattern of firing discharge in MNCs (Kombian et al. 2000a; Li et al. 2007; Popescu et al. 2010) . Our results further support this notion and suggest that changes in postsynaptic efficacy following spontaneous release of neurotransmitter may be of sufficient magnitude to mediate changes in neuronal activity during pathological conditions, such as HF. Whether this occurs also in vivo, however, and the extent to which hormone release is affected by changes in spontaneous synaptic efficacy, remains to be determined.
Perspectives
Regulation of VP release is a multifactorial and tightly regulated process. The primary stimulus for VP release is an increase in plasma osmolality, conveyed to VP neurons largely via glutamate excitatory osmosensitive inputs (McKinley et al. 1992) . VP release can also be stimulated by hypotension or plasma volume depletion, via cardiopulmonary volume/pressure-sensitive visceral inputs, resulting in local modulation of GABAergic inhibitory function (disinhibition) (Cunningham et al. 2002) . Thus changes in the glutamate-GABA balance reported in this work are expected to affect neuronal responsiveness to these visceral afferent stimuli, contributing ultimately to the enhanced VP release characteristic of HF. For example, it is reasonable to speculate that an enhanced excitatory glutamate function, along with a diminished inhibitory GABA function in VP neurons, will diminish the efficacy of inhibitory afferent reflexes, such as the volume expansion reflex inhibition of VP release (Cunningham et al. 2002) . In fact, numerous studies support blunted volume-dependent reflexes in HF (DiBona et al. 1988; Packer 1988; Patel et al. 1996) , a mechanism that would explain persistently elevated VP levels in a volumeexpanded condition such as HF. Conversely, osmosensitive, glutamate-dependent VP responses are expected to be exacerbated by the same synaptic balance shift. Thus, even though hyperosmolality is not commonly observed in HF patients, an increased efficacy of osmosensitive afferent pathway could reset the osmotic regulation of VP, contributing in turn to enhanced VP release in this condition. Clearly, future studies
